Data envelopment analysis can be applied to measure the productivity of multiple input and output decision-making units. In addition, the data envelopment analysis-based Malmquist productivity index can be used as a tool for measuring the productivity change during different time periods. In this paper, we use an input-oriented model to measure the energy consumption productivity change from 1999 to 2008 of fourteen industry sectors in China as decision-making units. The results show that there are only four sectors that experienced effective energy consumption throughout the whole reference period. It also shows that these sectors always lie on the efficiency frontier of energy consumption as benchmarks. The other ten sectors experienced inefficiency in some two-year time periods and the productivity changes were not steady. The data envelopment analysis-based Malmquist productivity index provides a good way to measure the energy consumption and can give China's policy makers the information to promote their strategy of sustainable development.
Introduction
In the nearly three decades since the implementation of the reform and opening-up policy in China, the annual average growth of gross domestic product (GDP) has been about 9.5%, and in the first decade of the 21st century this number has risen to 10%. Even in 2009, under the recession in the global economy, GDP still achieved 33.5353 trillion Yuan, with a growth of 8.7% (China Statistical Yearbook, 2009 ). In 2010, China's GDP has achieved 39.7983 trillion Yuan, a growth of 10.3%. After 30 years of sustained and rapid economic growth, China has created an economic miracle and replaced Japan as the second largest economy. On the other hand, China's development has many drawbacks, especially the conflict between people and the environment, such as the contamination of groundwater, carbon emissions, and high energy consumption [1] . Consequently, in recent decades, there has been increasing concern about how to achieve sustainable economic growth with lower energy consumption, and it has become the main problem of development in China [2] .
In the 11th 5-year-plan time period, China drafted a strategy of sustainable development. To measure the productivity of economic growth comprehensively, the energy consumption per 10,000 Yuan of GDP is used to monitor the situation in different industries. In 2009 and 2010, energy consumption declined by 2.2% and 4.01%, respectively, per 10,000 Yuan GDP (China Statistical Yearbook, 2009 , 2010 . Considering the rising trend of China's economic development, the consumption of electricity, coal, crude oil, and natural gas is likely to increase continuously. Yet, this kind of statistical data only describes the trend of energy consumption. It is therefore worthwhile to develop a more profound measure of the factors affecting production efficiency under certain output conditions to act as the basis for policy making.
Productivity could be the ratio of GDP to the total input of factors at the macrolevel [3] . Recently, total factor productivity (TFP), which is defined as an index of all the output to all the input, has been usually used to measure production efficiency [4, 5] . Compared to other methods, TFP measures the contribution of technology progress and 2 Mathematical Problems in Engineering economies of scale to economic growth without the effect of land, capital, labour, and other traditional elements [6] .
Malmquist productivity indices (MPIs), which are based on nonparametric distance functions, are often used to estimate the TFP changes [7] . Further, data envelopment analysis (DEA) can be employed to evaluate the distance functions [8] . DEA is a nonparametric, linear, programming method to measure the productivity of comparable multipleinput and multiple-output decision-making units (DMUs) [9] . Using DEA does not require a priori assumptions on the underlying functional form and information on prices [9] . Because of the incorporation of value judgment into the DEA method, decision-makers' preferences can be included in the analytical process [9] .
Because of the features above, DEA has been widely used for the measuring of technology innovation [10] , productivity improvement [11] , and optimal allocation of resources [12, 13] . Färe et al. [14] develop a DEA-based Malmquist productivity index of productivity change by combining the idea of efficiency measuring from Farrell [15] and productivity measuring from Caves et al. [16] and then decompose the Malmquist productivity index into an index describing changes in technology and efficiency. As a result, using the DEA-based MPI to estimate the TFP changes is superior and suitable for measuring the productivity of energy consumption in China. Therefore, the objective of this research is to measure the MPIs of major industries in China by using the DEA approach, to analyse the TFP, and to provide recommendations for government to increase energy consumption efficiency.
DEA-based Malmquist productivity indices (MPIs) have been widely used in a variety of industries for productivity measuring. Some studied the financial industry by applying DEA-based MPI to measure bank's performance for technique efficiency [17] [18] [19] . Some studied the social service industry to measure the efficiency and productivity growth [20, 21] . Most of the studies fell into environmental or energy efficiency for different manufacturing sectors. For example, Hjalmarsson and Veiderpass [22] examined productivity growth in electricity retail distribution in Sweden over 17 years by using a DEA-based Malmquist index. Boyd and Pang [23] examined the energy efficiency of two segments of the glass industry by using DEA methods. Kulshreshtha and Parikh [24] studied the efficiency and productivity of coal mining in the Indian coal sector using detailed input and output data for underground and opencast coal mining for the period between 1985 and 1997. The nonparametric approach of data envelopment analysis, DEA, has been adopted for the performance analysis of different coal mining regions. Zaim [25] proposed a new definition of pollution intensity-the pollution per unit of manufacturing outputand used MPI to measure the productivity of US manufacturing sectors between 1974 and 1986.Önüt and Soner [26] studied the efficiency of energy use by SMEs (small medium size enterprises) in Turkey's manufacturing sector by using DEA. Chien and Hu [27] analysed the effects of renewable energy on the technical efficiency of 45 economies during the period 2001-2002 through data envelopment analysis (DEA). Zhou and Ang [28] applied DEA methods to measure the energy efficiency performances of 21 OECD countries. Chen and Ali [29] used a DEA Malmquist index to measure the productivity of the computer industry; the approach was illustrated with a set of Fortune Global 500 Computer and Office Equipment companies from 1991 to 1997. However, most studies related to energy consumption are at country level or only for one or a few manufacturing industries.
Only a few studied productivity for manufacturing industry in China. For instance, Chen [30] used the nonradial Malmquist productivity index to measure the productivity change of three major Chinese industries between 1966 and 1985. Xue et al. [31] measured the productivity of the construction industry in China from 1997 to 2003 by using a DEA-based MPI. Fang et al. [32] compared the relative technical efficiency performance of listed coal mining companies in China and the US advanced DEA linear programming. But no study has compared the productivity for China's energy consumption for 14 different manufacturing sectors. However, all studies that applied DEA-based MPI to any industry used time series data. The technique efficiency and production growth are the two key concerns when using DEA-based MPI to analyze productivity.
Therefore, this paper empirically contributes to present productivity research. Through the calculation for fourteen different manufacturing sectors' technical efficiency change and empirical production frontier shift values by applying linear programming techniques to DEA model, it concludes that manufacture of plastics, manufacture of general purpose machinery, manufacture of transportation equipment, and manufacture of construction are the only energy consumption efficiency sectors in China. The rest of this paper is organized as follows. The next section introduces the inputoriented Malmquist productivity index. Its application to China's major industry from 1997-2008 is then presented and discussed. Discussions, implications, and conclusions are given in the last section.
DEA-Based Malmquist Productivity Index
We have seen many studies using DEA-based MPI to calculate the performance of different industries. Following the spirit of MPI, we use it for measuring the productivity of energy consumption.
The Malmquist productivity index (MPIs) is based on the distance function and provides an approach to the analysis of multi-input and multioutput systems without any assumption of the production behaviour. Shepherd (1970) defined the distance function and it has been widely used. Note that the distance function can be defined as inputbased and outputbased. In this paper, we focus on the inputbased distance function to describe the MPIs for measuring the energy consumption performance of different industry sectors in China and the distance to the empirical production frontier (EPF) for the inefficient DMUs.
Suppose and are the input and output vectors, respectively. ( ) is the empirical production frontier. is Mathematical Problems in Engineering 3 the ratio of input reduction for reaching the EPF. The distance function can be defined as follows:
The MPIs in time period can be defined as
where ( , ) is the distance function for measuring the distance from the position in the input and output space of time period to the EPF at time t. ( +1 , +1 ) is the distance function for measuring the distance from the position at time period + 1 to the EPF at time .
The MIPs in time period + 1 can be defined as
where
) is the distance function for measuring the distance from the position in the input and output space at time period + 1 to the EPF at time + 1.
+1 ( , ) is the distance function for measuring the distance from the position at time period to the EPF at time + 1.
Farrell (1989) defined the Malmquist productivity index as
In this paper, the MPI can be used to measure the change of energy consumption of different industries in China between time periods and + 1. If MPI 0 > 1, then the energy consumption performance declines; if MPI 0 = 1, then it remains unchanged, and improves if MPI 0 < 1.
To find out the reasons for MPI change, follow Färe et al. [14] and decompose the MPI into two components. Here, we also use this approach to investigate efficiency change and technical change, namely:
where the first component measures the magnitude of the technical efficiency change (TEC) between time periods and + 1, namely:
.
TEC measures the catch-up effect, which indicates the energy consumption performance change in the reference periods.
The second component measures the EPF shift (EPFS) between time period and + 1, namely:
EPFS measures the frontier-shift effect, which indicates the shift in production technology of one industry. If EPFS 0 < 1, then it means a positive shift of EPF or technical progress. EPFS 0 > 1 indicates a negative shift of EPF or technical regression. If EPFS 0 = 1, then the EPF is unchanged.
According to the theories above, MPI can be formulated as follows:
The basic idea for calculating the MPI of a DMU is to estimate the distance to EPF. Here, we will employ DEA methods to estimate the distance function. The aim of using this approach is to calculate the energy consumption efficiency and the degree of input reduction for reaching the EPF. The following model can be used to measure the performance in a time period and the distance can also be calculated. Suppose we have DMUs, each DMU j ( = 1, 2, 3, . . . , ) produces a vector of outputs by using a vector of inputs at each time period , = 1, . . . , . The DEA model at time period can be expressed as follows:
where 0 = ( 10 , . . . , 0 ) and 0 = ( 10 , . . . , 0 ) are the input and output vectors of DMU 0 among others. Note that the DEA models used in the Malmquist productivity index can either be inputoriented or output-oriented. In this paper, we use an inputoriented model which considers the possible radial reductions of inputs when the outputs are fixed at the current level, which can indicate the amount of energy consumption reduction when the value added is fixed. In model (1), * 0 ( * 0 = 0 ( 0 , 0 )) is the efficiency of DMU 0 at time period which determines the amount by which observed inputs can be proportionally reduced. In this paper, if DMU 0 's energy consumption performance is efficient in time period and the amount of energy it has used cannot be reduced with the given value added, then DMU 0 is on the empirical production frontier (EPF). If it is energy consumption performance is inefficient and can still produce the given value added after reducing the proper amount of energy, which means DMU 0 is operating below the EPF [30] , then it can reach the EPF after input reduction.
Suppose we have a production function in time period as well as period + 1; the Malmquist productivity index calculation requires two single period and two mixed period measures (Charnes et al. 1978) . From the time period to + 1, DMU 0 's technical efficiency and the EPF may shift. We adopt the algorithm developed by Färe et al. [20] to calculate the Malmquist production index by considering energy consumption. It can be calculated via the following steps.
(i) Comparing to EPF at time , by calculating in model (1).
(ii) Comparing to EPF at time + 1 by calculating via the following linear program model:
(iii) Comparing to EPF at time + 1, by calculating via the following linear program model:
(iv) Comparing to EPF at time , by calculating via the following linear program model:
Empirical Study

Data and DMU Selection.
To measure the energy consumption efficiency of Chinese industry, we select industries which can represent its development, based on factors such as the contribution to GDP, business receipts compared to other industries, the influence on the economy, and the energy consumption compared to other industries. In China, the economy is divided into three main sectors: primary industry, secondary industry, and tertiary industry. Secondary industry accounts for an annual output value of 45%-48% of GDP, which is the largest proportion compared to the other two sectors. Secondary industry in China consists of industry and construction, which account for 40% and 6% of GDP, respectively. In the industry sector, manufacturing accounts for 20% of GDP. Moreover, coal consumption in these two sectors accounts for about 95% of the total consumption and 75% of electricity consumption. It means that the energy consumption efficiency in these industries can heavily influence the development of the Chinese economy. Based on the selection criteria above, 14 DMUs were chosen from the manufacturing industry and the construction sectors which consume more than 1 million tons of coal, 10,000 million kWh electricity and account for more than 50,000 million Yuan of gross industrial output value for each sector. These 14 DMUs are 14 different sectors. They are sectors of manufacture of textile, manufacture of paper and paper products, manufacture of raw chemical materials and chemical products, manufacture of chemical fibers, manufacture of rubber, manufacture of plastics, manufacture of non-metallic mineral products, smelting and pressing of ferrous metals, smelting and pressing of nonferrous metals, manufacture of metal products, manufacture of general purpose machinery, manufacture of special purpose machinery, manufacture of transport equipment, and construction.
Choosing appropriate inputs and outputs is significant to get no biased relative performance among DMUs [33, 34] . However, the greater number of inputs and outputs will increase the difficulty of data collection. Traditionally, the input and output variables are identified by using the knowledge of subject experts. It is always a balance between meeting objectives of performance measurement and the number of input and output factors [35] see [33] [34] [35] .
For each of these 14 different sectors, two most important inputs (coal consumption and electricity consumption) were chosen to be the input measurement with the unit of 10,000 tons and 100 million kwh, respectively. The gross industry output value was chosen to be the output measurement with the unit of 100 million Yuan at current price. The data was collected from the Statistical Yearbooks of China from the year of 1999 to the year of 2008 published every year by the National Bureau of Statistics of China. The summary statistics of coal consumption, electricity consumption, and gross industrial output value are shown in Table 1 . Table 2 represents the technical efficiency of the 14 sectors from 1999 to 2008, which is the result of model (1). Table 2 Using these two calculated values for formula (8) , the Malmquist productivity index of China's major industry was computed as shown in Table 3 . Because MPI can be decomposed into two components, TEC and EPFS (as shown in Tables 4 and 5 ), which mean technical change and frontier shift.
Measuring Process and Results Analysis.
In order to analyse the productivity of energy consumption comprehensively, we use (1/MPI 0 − 1), (1/TEC 0 − 1), and (1/EPFS 0 − 1) to represent the change of MPI, TEC and EPFS, respectively. Tables 6(a), 6(b), and 6(c) show the value of (1/MPI 0 − 1), (1/TEC 0 − 1), and (1/EPFS 0 − 1). Table 6 (a) shows the value changes of MPI, three sectors maintain energy consumption productivity increasing throughout the whole time period, whose MPI value is less than 1. The other 11 sectors experienced productivity decline in some time periods. The sector productivity of manufacture of textiles declined 2.33%, 4.81%, and 0. Figure 1 shows that five sectors experienced significant changes in their energy consumption performance in most two-year time periods from 1999 to 2008. Also, the productivity changes were not steady in these sectors, which changed greatly in the reference period.
Analyzing DEA efficiency is to investigate whether DMU is on the efficient frontier. Therefore, we can use the projection on the EPF to calculate the distance for an inefficient DMU to the EPF. Then, the direction for sector regulation and the amount of energy input reduction can be determined when the output the gross industrial output value is fixed at the current level. Moreover, we can predict the projection on the EPF, which can in fact provide solutions for the inefficient DMU. Thus, this can be the basis for policy makers to promote the development of these sectors. Tables 7 and 8 show the efficiency target for each sector.
Discussions, Implications, and Conclusions
DEA can be applied for measuring multiple input and output DMUs' productivity. Also, the DEA-based Malmquist productivity index can be used as a tool for measuring the productivity change during different time periods. In this paper, we use an input-oriented model to measure the energy consumption productivity change from 1999 to 2008 of 14 industry sectors in China. Färe et al. [14] decompose MPI into two components: TEC and EPFS. As shown in this paper, TEC is used to measure the technical change, and EPFS shows the shift of the empirical production frontier. According to formula (8) , TEC and EPFS reflect the value of MPI, so the changing of productivity will be determined by the technical change or the shift of frontier.
The results suggest that there are only four sectors, manufacture of plastics, panufacture of general purpose machinery, manufacture of transport equipment, and construction, that experienced effective energy consumption. It also shows that these sectors always lie on the efficiency frontier of energy consumption as benchmarks. Five sectors are always the bottom five performers over time, namely, smelting and pressing of ferrous metals, smelting and pressing of nonferrous metals, manufacture of nonmetallic mineral products, manufacture of raw chemical materials and chemical products and the manufacture of chemical fibres. The value changes of MPI indicates that three sectors, manufacture of raw chemical materials and chemical products, smelting and pressing of ferrous metals, and construction, maintain energy the increasing of consumption productivity throughout the whole time period. It also shows that the other eleven sectors where energy consumption productivity has declined. In addition, among these eleven sectors, seven sectors' productivity always increases, except for one two-year time period. But the other four sectors-manufacture of paper and paper products, rubber, general purpose machinery, and special purpose machinery-experienced productivity declines.
As a conclusion, three sectors including manufacture of raw chemical materials and chemical products sector, manufacture of transport equipment sector, and manufacture of metal products sector, have always increased productivity in each time period. Further, increasing productivity of the first two sectors was caused by the positive shift of empirical production frontier (EPF). However, increasing productivity of the last sector was caused by both the positive shift of EPF and the increase of technical efficiency (TEC). Overall, the top five effective sectors in the reported time period are manufacture of transport equipment, manufacture of metal products, manufacture of general purpose machinery, construction, and manufacture of special purpose machinery sectors.
To promote the productivity of energy consumption of major industry sectors in China, it is necessary for the Chinese government to make policies to strengthen energy management, especially in the sectors which need large amounts of energy input with low value added. In this paper, following the spirit of the DEA-based Malmquist productivity index, we calculate the distance for an inefficient DMU to the EPF. Then, the direction of sector promotion and the amount of energy consumption reduction can be determined. The target of energy consumption can be the basis for the government to make sustainable industrial policies. Alternatively, our DEA productivity analyses raise a question about how to establish energy saving policies. In our opinion, restructuring of industry, developing programs of technology innovation, and encouraging the reuse of input resources can be the solutions. However, this is beyond the scope of the current paper and should be left for further research.
This paper provides a way to measure the energy consumption performance of China's major industrial sectors, and the performance can be improved by reducing inputs to below the current output level. Note that in the radial DEA model there is always a DMU as the benchmark whose 0 ( 0 , 0 ) is equal to 1. This is because the Malmquist productivity index is only based upon the radial DEA scores, ignoring nonzero input slacks in the input-oriented index [30] . Therefore, this cannot measure the energy consumption performance change comprehensively for every sector. Using a nonradial Malmquist productivity index can be the solution that can be incorporated with the preference over individual input improvement since it does not allow the existence of nonzero input slacks. This will be a direction for a future study.
